SUMMARY Many water-soluble compounds have been shown to pass from the small intestinal mucosa into the lumen. In this work, the loss of lipids from the mucosa was investigated by perfusion experiments in rats, using 0 15M NaCl or buffer solutions over a range of pH, with or without the addition of 5 7 or 11'4 mM taurocholic acid. Perfusates were extracted for the estimation of individual lipids and for DNA, which is a measure of cell loss.
but loss of the other lipids was not. Gas-liquid chromatography showed that the principal fatty acids were palmitic, oleic, stearic, and linoleic.
In these experiments the perfusion fluid was normal saline in which lipids are almost insoluble. The small bowel lumen in the normal animal contains bile salt micelles in which fatty acids, phospholipids, and, to a lesser extent, cholesterol dissolve. In addition, the solubility of long-chain fatty acids depends on the pH, which increases from 5 to 6 in the duodenum to 7 to 8 in the ileum. Loss of lipids by mechanisms other than desquamation may have been limited in Cotton's experiments by the use of saline, and the present experiments were done to show whether loss of lipids is related to their solubility in the perfusing fluid.
Methods

ANIMAL EXPERIMENTS
Sixteen adult male Wistar rats, fed on Spiller's autoclave diet, and weighing 250-280 g were used.
Half the animals were fasted of food for 24 hr before the experiment and they were kept in false bottomed cages to prevent coprophagy. Water was allowed ad libitum. The remainder were taken from the animal house approximately 90 min before the first perfusion. Anaesthesia was induced with ether and maintained with intraperitoneal pentobarbitone. A tracheostomy was performed, the abdomen opened and polyethylene cannulae were inserted into the small 118 bowel immediately distal to the ligament of Treitz and proximal to the caecum, isolating the whole small bowel from bile and pancreatic juice. Intestinal contents were washed out with 0-15 mol NaCI/I for 20 min before the first perfusion. Perfusion fluids were 0-15 mol NaCl/l, phosphate or glycine buffer solutions at pH 3 7, 5 4, 7 4, and 9 7, with or without the addition of 5 7 or 11 4 mM taurocholic acid (TC), stated by the makers (Calbiochem) to be 98 %, with 2 % of unconjugated bile acids. The mean pH of saline used was 5-5 and of the taurocholic acid solutions was 5 9 (Cambridge pH meter).
Perfusion fluids were warmed to 39°C before use. All perfusions were at a rate of 250 ml/hr, which does not damage the mucosa (Loehry, 1970) . Up to six 20-min perfusates from each animal were collected into vessels containing 4 ml 0 2 M EDTA in order to inactivate any ribonuclease. During perfusion, the bowel was gently unkinked to allow clumps of cells to pass into the collecting vessel. Perfusates were homogenized at low speed to break up cell clumps; 40 ml was taken for estimation of deoxyribonucleic acid (DNA) and 40 ml for lipid analysis.
Suspensions of mucosal cells were obtained from four rats by opening the small bowel after washing with saline and scraping the mucosal surface from end to end with a glass slide. The mass of cells was shaken in 40 ml 0-15M NaCI, and centrifuged at 4500g for 20 minutes. The pellet was resuspended, washed four times with 0-15M NaCI, and finally resuspended in 80 ml 0-15M NaCI.
CHEMICAL METHODS
Estimation of DNA was performed by the method of Croft and Lubran (1965) . The mean recovery of standard DNA added to perfusates was 74% both in saline and in 11 4 mM TC and recovery did not vary with concentration in the range 0 5-20 ng-atoms DNA-P/ml. A correction factor of 1'35 was therefore applied. The coefficient of variation of five estimations was 3 7 % at a concentration of 9 2 ngatoms DNA-P/ml and 7-8 % at 1'8 ng-atoms DNA-P/ ml.
Lipids were extracted from perfusates by the method of Cotton (1972) using chloroform and methanol, but employing smaller volumes and omitting the second extraction. The organic layer was evaporated to dryness and the lipids were redissolved in a small volume of chloroform. Impurities derived from the TC solution were removed from the final extract by washing with an equal volume of buffer at pH 5 4. Recoveries of standard lipids added to perfusates were: triglyceride (tripalmitin/tirolein 2:1 w/w) 97%, free fatty acid (palmitic/oleic 2:1 w/w) 90%, cholesterol 91 %, phosphatidyl choline 88 %, phosphatidyl ethanolamine 94%, and sphingomyelin 84%. Coefficients of variation in six recovery experiments were 5 to 11 %. Recoveries fromperfusates containing TC were slightly lower.
Lipids were then separated by thin-layer chromatography on Silica gel-G (Merk) and lipid spots measured by direct densitometry (Cotton, 1971 (Cotton, 1971 ). Unfortunately it was not possible to measure the solubility of these acids in the proportions in which they occur in perfusates, because the mixture was found to be solid at body temperature and all methods of measuring micellar solubility require equilibrium between a micellar and an oil phase. The solubility of oleic acid was therefore measured, since it is liquid at 39°C, although the effects of changes in pH and TC concentration on solubility may be less marked for the saturated acids (Hofmann and Mekhjian, 1973) . Solubility was measured by the method of turbidimetry which depends upon scattering of light by the emulsion which forms when micellar solubility is exceeded (Borgstr6m, 1967) .
Amounts of oleic acid in chloroform (10 jzg-10 mg)
were placed in a series of test tubes and the chloroform was evaporated under a stream of nitrogen.
Of the perfusion solution to be tested, 5*0 ml was added to each tube and the contents were agitated for two minutes. The tubes were brought to 39°C on a water bath and agitated again for two min before measuring their absorbence on a Zeitz PMQ3 spectrophotometer, using the test solution as the blank. The endpoint was independent of the wavelength used. Solubility was measured in each of the perfusion solutions, the highest concentration of oleic acid to form a clear solution with no oil phase present being taken as the limit of micellar solubility.
Results
HISTOLOGY
No damage was seen in sections of jejunum or ileum after perfusion for two hours with saline or 11-4 mM TC (fig 1) . There are several routes by which lipids may pass except in those containing 11 4 mM TC. The from the mucosa into the lumen: at was then taken to be the appearance of oil 1 By the desquamation of cells: the correlations s above a clear solution. Figure 5 shows the between lipids and DNA in perfusates and the iship between the rate of loss of fatty acids similarity between the lipid composition of perfusates ie mucosa in perfusion experiments and the and mucosal cell suspensions suggest that desquamaity of oleic acid in vitro in five of the solutions tion is the only important mechanism for the loss of n the three remaining solutions the solubility triglycerides, cholesterol and phospholipids. ;s than 10 ,ug/ml and could not be measured 2 By passage through extrusion zones at the tips tely by this method.
of the villi: this implies that there are a few, relatively large holes in the mucosa and is not consistent with ion the finding that the blood to lumen clearance of fructose is much greater than glucose although the te of loss of DNA from the mucosa during molecules are the same size (Axon, 1973) . Large ons with saline approximates to the normal molecules, such as horseradish peroxidase, do not er rate for the rat (Cotton, 1972) , and the reach the lumen by this route (Hugon and (Hugon and Borgers, 1968) and colloidal iron (Loehry, Parish, and Baker, 1973) can be demonstrated in the intercellular space after parenteral injection, neither substance can be shown to cross the tight junction. However, it is theoretically possible that lipids might enter the lateral membrane from the intercellular space, diffuse along it and leave from the apical membrane without entering the cell, a route proposed for sodium transport in the colon (Edmonds and Pilcher, 1972). 4 By passage across the plasma membrane: this is the most likely route for water-soluble compounds over a wide range of molecular weights (Loehry, Axon, Hilton, Hider, and Creamer, 1970) .
The rate of passage of a solute across a membrane separating two stirred compartments depends upon the characteristics of the membrane and on the concentration difference, provided that the fluids on each side are the same and the solutions are dilute. However, the apical plasma membrane separates two fluids that are not the same and additional factors may become important: the solubility of a substance may then be greater on one side than the other and pH differences may alter the partition of weak acids and bases (Shore, Brodie, and Hogben, 1957) . If a substance within the cell is insoluble in the luminal fluid, there will be no movement across the membrane despite the concentration difference, and, when solubility is low, net movement diminishes as saturation is approached.
The physical state of lipids within the cell is not known. Lipid droplets are scanty in the apical regions of the cell, but lipoproteins have been described which may bind fatty acids (Ockner, Pittman, and Yager, 1972) and cholesterol (Glover and Green, 1956) . Absorbed lipids may also be incorporated in the structure of the membrane (Dermer, 1966) .
The solubility of long-chain fatty acids in water is low, but is increased by a rise in pH above the pKa (approximately 6-7) and by the presence of bile acid micelles. The critical micellar concentration of taurocholic acid alone (7-0 mM) is reduced by the addition of long-chain fatty acids (Hofmann, 1961) . Although the method used for measuring fatty acid solubility is not capable of great accuracy, it was sufficient for the purpose of the present experiments, and it was shown that the amounts of fatty acids in perfusates appeared to be related exponentially to the solubility of oleic acid in each perfusion solution, supporting the hypothesis that the rate of loss of fatty acids from the mucosa is related to their solubility in the luminal fluid. The behaviour of triglycerides and cholesterol can also be related to their physical properties: triglycerides are non-polar and do not ionize; their solubility in water is therefore negligible and is not increased in micellar solutions of bile acids or by changes in pH. The solubility of cholesterol in water is also negligible, and is only dissolved by bile acid micelles if they are expanded by a polar lipid (Neiderhiser and Roth, 1968) . Loss of these compounds occurred by desquamation only. Phospholipids, on the other hand, are polar lipids and have considerable solubility in bile acid micelles, but apart from an excess of phosphatidyl choline in the initial 11-4 mM TC perfusate from each animal, loss was also the result of desquamation alone. This suggests that only a small quantity of phosphatidyl choline is available to cross the membrane and that the remainder is fixed within structural components of the cell.
Fatty acids leaving the cell must cross the lipid membrane and the unstirred water layer before reaching the bulk of the luminal fluid. Wilson, Sallee, and Dietschy (1971) have presented evidence that the rate-limiting step in the absorption of long-chain fatty acids is diffusion across the unstirred layer. Results of the present experiments suggest that passage across the unstirred layer may also be rate-limiting for fatty acid loss, a hypothesis supported by Cotton's observation (1972) that the rate of fatty acid loss was directly related to the perfusion rate, the thickness of the layer being reduced by rapid movement of the bulk of the luminal fluid (Wilson et al, 1971) .
Endogenouis lipid within exfoliated cells could amount to 20 g/day in normal man (Cotton, 1972) but the quantitative significance of fatty acid loss from the mucosa is difficult to assess. Results of the present experiments suggest that fatty acid loss would be reduced in the absence of bile. During triglyceride absorption, the polar products of lipolysis-fatty acids and monoglycerides-are reconstituted to triglyceride within the cell, so that intracellular concentrations of fatty acids remain low and absorption continues. Triglyceride cannot escape into the lumen and is incorporated into chylomicrons. The return of fatty acids to the lumen represents a defect in the absorptive mechanism, but in the normal animal most of the endogenous lipid in the lumen will be reabsorbed. However, in coeliac disease the activities of mucosal enzymes are reduced, including fatty acyl CoA ligase (Dawson and Isselbacher, 1960) . Gallagher, Playoust, and Symons (1971) used rats infected with Nippostrongylus braziliensis as a model of coeliac disease and the animals showed subtotal villous atrophy and reduction in mucosal enzymes. Although uptake of 14C-oleic acid and its incorporation into triglycerides was less in infected animals than in controls, the concentration of 14C-oleic acid within the mucosal cells was greater. Absorption of octanoic acid, which is absorbed without esterification into the portal vein, was normal. This suggests that the defect in long-chain fatty acid absorption was only in the ability of mucosal enzymes to esterify the fatty acids that had entered the cell and to prevent their return to the lumen. The steatorrhoea of coeliac disease may thus have three components: (1) failure to absorb exogenous and endogenous lipids due to loss of surface area, (2) an increased loss of lipid within exfoliated mucosal cells due to the increased turnover rate (Croft, Loehry, and Creamer, 1968) , and (3) return of absorbed fatty acids to the lumen due to failure of esterification.
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